Dinoflagellates contain large amounts of omega-3 fatty acids, including the nutritionally important docosahexaenoic acid (DHA). However, their cultivation in suspensions is characterized by low growth rates. Twin-layer porous substrate photobioreactors (TL-PSBRs) have been shown to support growth of different microalgal species, including the robust dinoflagellate Symbiodinium voratum. In the present study, the potential of cultivating marine autotrophic dinoflagellate species in a TL-PSBR for DHA production was explored. Based on initial screening experiments, two Symbiodinium species with high biomass and DHA productivities were selected: the symbiotic Symbiodinium microadriaticum CCAC 2475 B and the free-living Symbiodinium voratum CCAC 3869 B. The effects of three different temperatures (17, 22 and 27°C) and nitrogen regimes (nitrate, ammonium and nitrogen-free) on biomass growth, total lipid accumulation and fatty acid methyl esters (FAMEs) content, with emphasis on DHA, were evaluated. The two lower temperatures (17 and 22°C) enhanced growth and total lipid accumulation of S. microadriaticum CCAC 2475 B and S. voratum CCAC 3869 B. Cultivation at 22°C and nitrogen limitation led to a significant positive effect on DHA productivity. Symbiodinium. microadriaticum CCAC 2475 B reached a DHA productivity of 145.4 mg m −2 day −1 and DHA content in the dry biomass of 2% (w/w) after 4 days of nitrogen depletion. The results of the present study demonstrated that autotrophic dinoflagellates, when cultivated on a TL-PSBR, produce comparable amounts of lipids and fatty acids to other commercially used microalgal species including the valuable DHA.
Introduction
Essential omega-3 long chain poly-unsaturated fatty acids (PUFAs), particularly docosahexaenoic acid (DHA, 22:6ω3) , exhibit significant biological activities therapeutically relevant to a plethora of human diseases, such as coronary heart disease, cancer, type 1 diabetes and rheumatoid arthritis (Simopoulos 2008; Swanson et al. 2012; Nestel et al. 2015) . Recently, the use of omega-3 supplements was included in the European Society of Cardiology (ESC) guidelines for cardiovascular disease prevention and heart failure treatment (Ponikowski et al. 2016) . Therefore, DHA attracts increasing commercial interest as a standard nutritional element of the human diet. Moreover, the importance of DHA for the normal growth of larval fish, shrimps and molluscs in aquaculture has been well established (Benemann 1992; Barclay and Zeller 1996; Patil et al. 2005; Nath et al. 2012) .
Hitherto, fish oil has monopolized the market as the only commercial source of omega-3 PUFAs (Pike and Jackson 2010) . However, the distractive odour, accumulation of toxins, allergic reactions, high refinery costs and limited resources are among the major drawbacks calling for alternative supplies (Mahaffey et al. 2008; Tacon and Metian 2008; Bourdon et al. 2010; Sun et al. 2018; Tocher et al. 2019) . Microalgae have been known for decades to be the primary Electronic supplementary material The online version of this article (https://doi.org/10.1007/s10811-019-02027-w) contains supplementary material, which is available to authorized users. sources of omega-3 PUFAs for organisms at higher levels of the aquatic food web (Brett and Müller-Navarra 1997; Dalsgaard et al. 2003; Müller-Navarra 2008) . Increasing research efforts mostly devoted to the commercialization of algae for biofuel production (Chisti 2007 (Chisti , 2013 Shuba and Kifle 2018) but also various techno-economic analysis reports (Chauton et al. 2015; Khan et al. 2018; Shah et al. 2018) , support the feasibility of industrial algae cultivation. However, to market important products, such as DHA produced by autotrophic microalgae, several limitations and challenges responsible for low biomass productivities still need to be overcome. Recognizing these problems, several research groups turned their attention towards the development of fermentation technologies for the cultivation of heterotrophic "microalgae"/protists (Leyland et al. 2017 ) that offer rapid growth and lower cost of biomass harvesting (Mendes et al. 2009; Ren et al. 2010; Liu et al. 2014) . Nevertheless, the interest in photoautotrophic algae for PUFA-rich oils did not diminish (Ryan and Symington 2015; Jónasdóttir 2019; Wang et al. 2019) . Photosynthetic production is renewable by definition, sustaining the global ecosystem and economy (Janssen et al. 2014) ; hence, photosynthetic algal production does not compete with agriculture (Singh et al. 2011) . Moreover, a series of studies, comparing heterotrophic versus autotrophic food resources, interestingly revealed that, e.g. ciliates and heterotrophic dinoflagellates are not nutritionally superior prey for marine copepods than the autotrophs (Broglio et al. 2003; Breteler et al. 2004) .
Dinoflagellates contain high levels of omega-3 PUFAs, especially DHA. Their cultivation in suspension, however, suffers from low growth rates and is frequently hampered by their sensitivity to shear stress (Dixon and Syrett 1988; Gibson and Thomas 1995; Gallardo-Rodríguez et al. 2009; López-Rosales et al. 2015; Wang and Lan 2018) , although continuing efforts are being made to address these issues using either open or closed cultivation systems (Fuentes-Grünewald et al. 2016; Molina-Miras et al. 2018; López-Rodríguez et al. 2019) . Cell immobilization using a twin-layer porous substrate photobioreactor (TL-PSBR) was recently applied successfully to the peridinin-producing marine dinoflagellate Symbiodinium voratum, which resulted in much higher growth rates compared to a suspension culture (Benstein et al. 2014; Langenbach and Melkonian 2019) . Herein, we introduce the idea of cultivating marine autotrophic dinoflagellate species in a TL-PSBR for the production of DHA. Based on initial screening experiments, we selected two Symbiodinium species with high biomass and DHA productivities: the symbiotic Symbiodinium microadriaticum LaJeunesse and the free-living Symbiodinium voratum H.J.Jeong, S.Y.Lee, N.S.Kang & LaJeunesse. The effect of different temperatures and nitrogen sources/limitation on the growth, total lipid accumulation and DHA content was investigated. The DHA productivities achieved were comparable to those obtained by other commercially used microalgal species, suggesting that this novel approach could potentially have industrial applications.
Material and methods

Species selection, suspension culture and culture media
All marine autotrophic dinoflagellate strains were provided by the Culture Collection of Algae at the University of Cologne (CCAC, Department of Botany, University of Cologne, Germany; www.ccac.uni-koeln.de; from October 2019: Central Collection of Algal Cultures, University of Duisburg-Essen). For the initial screening tests, 38 different dinoflagellate strains were used ( Supplementary Table 1 ), and the experiments were conducted in a 96-well twin-layer system (Phycomat; Nowack et al. 2005) . Seven of these strains and three Symbiodinium strains (Table 1) were selected for further investigation in a bench-scale TL-PSBR ( Fig. 1 ). All stock cultures were grown in suspension in 100 mL Erlenmeyer flasks at 22°C with 40 ± 15 μmol photons Supplementary Table 1) were grown, depending on the strain, in artificial seawater medium ASP-12 modified by McFadden and Melkonian (1986) , in modified ASP-12 enriched with soil extract (10 mL per litre of ASP-12) or in L1 medium (Guillard and Hargraves 1993) according to CCAC strain data. All ten strains used for the experiments in the bench-scale vertical TL-PSBR were grown in L1 medium. A variation of the L1 medium was used for a series of growth experiments in TL-PSBRs, in which nitrate was substituted by ammonium maintaining the same concentration of nitrogen in the medium. The effect of nitrogen limitation was tested by replacing the L1 medium with a modified version of it, containing no nitrogen source after the first 8 days of the experiment. The pH of all media was adjusted to 7.8.
Immobilized cultivation
Phycomat A 96-well Twin Layer system, the Phycomat, was used for the initial screening tests as described by Nowack et al. (2005) . The Phycomat is a small-scale horizontally orientated twinlayer system designed for the cultivation of immobilized algae in a 96-well format. It consists of a cultivation chamber, boreholes plugged with rubber for the exchange of the medium and a glass cover. A stack of eight layers of glass fibre sheets (80 g m −2 , Isola AS, Eidanger, Norway) functions as a reservoir of the culture medium (source layer of the system), and a 96-well "MultiScreen" filter plate is used as a substrate layer for the cultivation of microalgae (for more details, see Nowack et al. 2005 ). Each strain was tested in four replicates, and the inoculation procedure followed Nowack et al. (2005) . A dense suspension culture was transferred to inoculate the wells of the Phycomat, and the experiment was run for 8 weeks. The culture medium was changed once per week under aseptic conditions using sterile disposable 50 mL syringes. For each strain, growth and viability were monitored by visual inspection and the possibility of re-establishment of suspension cultures.
Bench-scale TL-PSBR
The bench-scale vertical TL-PSBR ( Fig. 1 ) used in the present study was described by Schultze et al. (2015) , based on the design by Shi et al. (2007) . Briefly, the system consists of two transparent poly-methyl methacrylate (PMMA, Plexiglas) tubes (50 cm long, 12 cm diameter) located on top of a polyvinylchloride (PVC) base. Inside each tube, a glass fibre sheet (40 cm long, 10 cm width, 80 g m −2 , Isola AS, Norway) serves as the source layer. The source layer is covered by numerous removable discs (25 mm diameter, plain printing paper, 45 g m −2 , Mediengruppe M. DuMontSchauberg GmbH & Co. KG, Cologne, Germany) that represent the microporous substrate layer for the cultivation of the immobilized microalgae. The L1 culture medium is stored in 1 L Duran bottles (Duran, Germany) at the PVC base of the system and is continuously circulated by a peristaltic pump. It is applied at the top of the glass fibre sheet, traverses through it due to gravity, recollected to the 1 L Duran bottle and recycled. A flow rate of 1.25 ± 0.25 L m − 2 h − 1 was used to maintain the glass fibre sheet wet, while the culture medium was exchanged every 4-5 days to avoid nutrient depletion. The evaporation rate (0.008-0.06 mL min − 1 depending on the temperature used during cultivation) was monitored by recording the change of the volume in the medium container. Loss of water by evaporation was replaced regularly by deionized water to adjust the salinity of the culture medium. Aeration was supplied inside from the bottom of the Plexiglas tube at a flow rate of 1.0 L min − 1 of ambient air. The temperatures used for the experiments were 17 ± 1, 22 ± 1 and 27 ± 1°C, and the photon flux density was 200 ± 15 μmol photons m − 2 s − 1 (LI-COR, USA) provided by fluorescent lamps (L36 W/865 cool day light, OSRAM), at a 14:10 h light:dark cycle.
For the inoculation of the TL-PSBR, dinoflagellate suspension cultures with a density of 200 mg dry mass L −1 were concentrated by centrifugation at 200 xg for 10 min and then filtered onto the paper discs as described by Naumann et al. (2013) . Initial biomass density (IBD) was 5 g dry weight m − 2 growth area. The inoculated wet filters were then placed on the wet glass fibre sheets in the TL-PSBR. At each sampling point, three filters per strain were collected from each TL-PSBR, rinsed successively with 4% ammonium formate in three steps to remove remaining salts from marine media and freeze-dried. Dry weight was determined gravimetrically, and biomass was stored at − 20°C until lipid extraction. All experiments were repeated at least twice with similar results.
Lipid extraction
The algal biomass was extracted in CH 2 Cl 2 :MeOH:H 2 O (1:2:0.8, v/v/v) using a modified protocol of the Bligh and Dyer (1959) . Extraction was performed using successive vortexing and ultrasonication in Teflon-lined screw-capped glass vials. To achieve phase separation, CH 2 Cl 2 and ddH 2 O (Milli-Q system) were added to the extract to give a final CH 2 Cl 2 :MeOH:H 2 O ratio of 1:1:0.9 (v/v/v). The CH 2 Cl 2 layer was then transferred through glass pipettes plugged with cotton and containing anhydrous sodium sulphate to preweighted 2 mL glass vials and dried to constant mass under a nitrogen stream. The total lipid content was determined gravimetrically. The extracts were reconstituted in CH 2 Cl 2 to prepare lipid stock solutions (10 mg mL − 1 ) that were stored under nitrogen at − 20°C until further analysis.
Fatty acid derivatization
Fatty acid methyl esters (FAME) were prepared by transesterification of the lipid stock solutions. Briefly, 50 μg of C17:0 fatty acid was added as internal standard to each lipid extract. After addition of 3 mL of 5% acetyl chloride in anhydrous methanol, the mixtures were heated at 80°C for 1 h. After cooling, 2 mL of ddH 2 O was added. FAME were extracted after addition of 2 mL of cyclohexane. The FAMEcontaining cyclohexane layer was transferred to a glass vial, flushed with nitrogen, sealed with a Teflon-lined screw cap and stored at − 20°C until further analysis.
Gas chromatography-mass spectrometry (GC-MS) analysis
The analyses of FAME were carried out using an Agilent Technologies 7820A gas chromatograph equipped with a HP-5MS fused silica capillary column (30 m × 0.25 mm, 0.25 μm), an Agilent Technologies 5977B MS detector operating in electron ionization mode at 70 eV and an Agilent Technologies 7693A automatic liquid sampler. The GC-MS conditions for the analyses were the following: a split/splitless inlet at 280°C was used at a split ratio 3:1; the carrier gas was He at a constant flow rate of 1.2 mL min − 1 ; the oven temperature was 100°C at the time of the injection, raised to 150°C at a rate of 8°C min − 1 , then raised to 200°C at a rate of 1°C min -1 , subsequently raised to 300°C at a rate of 10°C min − 1 and finally maintained at 300°C for 3.75 min; the MSD transfer line was set at 280°C; the source temperature was set at 230°C, while the quadrupole temperature was set at 150°C. MassHunter software (Agilent) was used for data acquisition and analysis. The identification of the chemical constituents was based on comparison of their Kováts indices, relative retention times and mass spectra with those obtained from authentic standards (Sigma Chemical Co., USA; PhytoLab GmbH and Co., Germany, and in-house isolated and identified metabolites) and/or reported in the NIST/ NBS and Wiley libraries.
Data analysis
The slopes of linear regression were used for all calculations of growth rates and DHA productivities, considering only the linear periods. Values shown in the figures are expressed as mean ± SD of at least 3 replicates. To statistically compare growth rates of algae at different experimental conditions, analysis of covariance (ANCOVA) was employed to compare slopes of linear growth phases. All data analysis was performed using the GraphPad Prism v5.04 statistical software (GraphPad Software Inc., USA).
Results
Screening marine dinoflagellate strains for immobilized cultivation on twin-layer porous substrate photobioreactors Figure 2 shows that the dinoflagellates tested in the bench-scale TL-PSBR revealed significant differences in biomass production, with the three Symbiodinium strains reaching the highest standing crop in the range of 131.8-163.1 g dry weight m − 2 after 21 days of cultivation. For the Symbiodinium strains, growth between days 7 and 21 was almost linear with an average biomass growth rate between 6.8-9.1 g m −2 day − 1 (Fig. 2) . Immobilized cultivation of the H. pygmaea strains was not successful in the TL-PSBR under the aforementioned conditions ( Fig. 2) . C. infula CCAC 4764 B and S. acuminata CCAC 4745 B showed slow growth that ceased after the first 2 weeks of the experiment (Fig. 2) . Kryptoperidinium sp. CCAC 4765 B and H. niei UTEX LB 1564 grew slowly over the whole cultivation period (Fig. 2) , reaching a maximum standing crop of 27.1 g m − 2 and 40.3 g m − 2 , respectively. Thus, based on their promising growth potential and preliminary DHA content data from suspension cultures (not shown), the free-living S. voratum CCAC 3869 B and the symbiotic S. microadriaticum CCAC 2475 B were selected for further investigation.
Effect of temperature and nitrogen source/limitation on the growth of the dinoflagellates Fig. 2 Total biomass in g m − 2 (n = 3 ± SD) of ten different immobilized dinoflagellate cultures in TL-PSBRs within an experimental period of 21 days at 22°C Regarding the growth rates, the effect of temperature was significant at 27°C for both Symbiodinium species as revealed by the slopes in Fig. 3 . The experiments with 17 and 22°C resulted in similar values, with the growth rates at 17°C being slightly higher.
Subsequently, the effect of two different nitrogen sources, i.e. nitrate and ammonium, and nitrogen limitation was tested on biomass growth. S. voratum CCAC 3869 B revealed slightly higher biomass production when cultivated with nitrate, yielding a final standing crop of 73.0 g m − 2 at day 14, while its total biomass was 66.3 g m − 2 after 14 days of cultivation with ammonium (Fig. 4) . In contrast, the use of ammonium increased the biomass production of S. microadriaticum CCAC 2475 B significantly, reaching a final standing crop of 92.2 g m − 2 instead of 66.4 g m − 2 after 14 days of cultivation with nitrate ( Fig. 4) . In the case of nitrogen limitation, in both Symbiodinium species, growth ceased after day 8 of cultivation, i.e. when the L1 culture medium was replaced by nitrogen-free L1 medium (Fig. 4 ). Growth on nitrate showed a lag phase of about 2 days in both species (Fig. 4) .
Concerning the effect of different nitrogen sources on growth rates, ammonium enhanced the growth of S. microadriaticum CCAC 2475 B, which reached an average growth rate of 6.263 g m − 2 day − 1 , whereas with nitrate, the average growth rates achieved were in the range of 4.714-4.758 g m − 2 day − 1 for both species (Fig. 4) . The negative effect of nitrogen limitation on biomass growth of the two dinoflagellate species was demonstrated by very low growth rates after day 8 of immobilized cultivation, i.e. when the nitrogen limitation started (Fig. 4 ).
Effect of temperature and nitrogen source/limitation on total lipids per growth area and lipid content in the biomass High temperature (27°C) caused a significant decrease in the amount of total lipids per area for both dinoflagellate species s t u d i e d a f t e r 4 d a y s o f c u l t i v a t i o n ( F i g . 5 ) . Symbiodinium voratum CCAC 3869 B reached its maximum value of 0.9 g m − 2 at day 4, while S. microadriaticum CCAC 2475 B maintained a stable amount of 1.2 g m − 2 total lipids per area from day 4 throughout the experiment under these conditions (Fig. 5) . Overall, at 17 and 22°C, total lipids per area increased during the experimental period in both species. Symbiodinium microadriaticum CCAC 2475 B, though, reached slightly higher maximum values of total lipids per area than S. voratum CCAC 3869 B (2.4-2.8 g m − 2 compared to 2.0-2.2 g m − 2 ; Fig. 5 ). Regarding lipid content in the dry biomass, values decreased over time for all temperatures and both dinoflagellate species studied (Fig. 5 ). The highest lipid content in the dry biomass was 12.8% (w/w) for S. voratum CCAC 3869 B at day 4, 22°C and 8.8% for S. microadriaticum CCAC 2475 B at day 4, 27°C (Fig. 5) .
The effect of different nitrogen sources (nitrate versus ammonium) on total lipids per area was proven insignificant (Fig. 6) . The Symbiodinium species demonstrated an increase in the amount of total lipids over time and reached maximum values in the range of 2.2-2.4 g m − 2 with both nitrate and ammonium (Fig. 6 ). Nitrogen limitation, however, contributed to the accumulation of total lipids, and thus, the two dinoflagellates showed higher maximum values in the range of 2.9-3.2 g m − 2 (Fig. 6 ). In the case of lipid content, the effect of nitrate and ammonium was negligible, with S. voratum CCAC 3869 B ending up with 4.4% and S. microadriaticum CCAC 2475 B with 2.8% lipid content in the dry weight after 12 days of immobilized cultivation (Fig. 6 ). On the contrary, nitrogen limitation had a positive effect on the lipid content which increased to 9.3% for S. voratum CCAC 3869 and 10.0% for S. microadriaticum CCAC 2475 B (day 12 of immobilized cultivation; Fig. 6 ).
Effect of temperature on total fatty acids and fatty acid content
Increase of temperature affected the amounts of total DHA and FAME of both Symbiodinium species similarly (Figs. 7, 8) . Specifically, when temperature changed from 17 to 22°C, the amounts of total DHA and FAME per area increased. However, a further increase in temperature from 22 to 27°C caused a decrease in the amounts of total DHA and FAME per area. (Figs. 7, 8 ). In the case of total saturated fatty acids, no effect of temperature was observed in S. voratum CCAC 3869 B (Fig. 7) , whereas in S. microadriaticum CCAC 2475 B, the amounts of total C16:0 and C18:0 per area were significantly higher at 22°C and 27°C compared to 17°C, especially in the later phases of growth (Fig. 8) .
Symbiodinium voratum CCAC 3869 B reached its maximum DHA content at 22°C (0.8% in the dry weight at day 4; Fig. 7 ). However, maximum FAME, C16:0 and C18:0, content was attained at the highest temperature applied, i.e. at 27°C (4.0, 1.2 and 0.2%, respectively; Fig. 7) . Likewise, S. microadriaticum CCAC 2475 B demonstrated its maximum DHA content at 22°C (0.6% in the dry weight at day 4; Fig. 8 ). The effect of temperature, though, was more pronounced for the saturated fatty acids of this species, with the highest temperature of 27°C resulting in increased contents of C16:0 and C18:0 (3.3 and 0.4% in the dry weight, respectively; Fig. 8 ) compared to S. voratum CCAC 3869 B.
Effect of nitrogen source/limitation on total fatty acids and fatty acid content
To investigate the effect of different nitrogen sources on total fatty acids, nitrate and ammonium-based culture media were used. For the experiments of nitrogen limitation, the nitraterich culture medium was replaced by a nitrogen-free medium at day 8 of the immobilized cultivation. It was shown that shifts in the nitrogen source had no effect on the amounts of total fatty acids per area, whereas nitrogen limitation had a positive effect, in particular for S. microadriaticum CCAC 2475 B (Figs. 9,  10 ). More specifically, S. voratum CCAC 3869 B reached a maximum total DHA of 225.7 mg m −2 with nitrogen limitation, whereas S. microadriaticum CCAC 2475 B reached 596.7 mg m −2 , respectively (Figs. 9, 10) . No significant differences were observed for the kinetics, and the maximum values of total C16:0 and C18:0 with the two nitrogen sources were tested, while an increase in amounts was observed with nitrogen limitation (Figs. 9, 10) . Regarding total FAME, S. voratum CCAC 3869 B attained maximum values within the narrow range of 420.6-448.8 mg m − 2 (Fig. 9) , whereas the maximum total FAME per area for S. microadriaticum CCAC 2475 B reached 1759.1 mg m − 2 with nitrate, 1473.3 mg m − 2 with ammonium and 2250.0 mg m − 2 with nitrogen limitation (Figs. 9, 10) .
The effect of different nitrogen regimes on fatty acid content of S. voratum CCAC 3869 B was insignificant (Fig. 9 ). In the case of S. microadriaticum CCAC 2475 though, nitrogen limitation had a strong positive effect on the fatty acid contents (Fig. 10) . DHA content in the dry weight increased from 0.6 (maximum DHA content with the use of nitrate; Fig. 10 ) to 2.0% due to nitrogen limitation. Similarly, FAME content more than doubled from 3.0 to 7.5% (Fig. 10) . Finally, upon nitrogen limitation, the saturated fatty acid contents doubled, with C16:0 reaching 2.5% and C18:0 0.4% of dry weight (Fig. 10) .
DHA productivities and maximum values
Immobilized cultivation of Symbiodinium species in a TL-PSBR has shown that S. microadriaticum CCAC 2475 B reached significantly higher DHA productivities and maximum DHA values than S. voratum CCAC 3869 B under all temperatures and nitrogen regimes tested (Fig. 11) . In particular, S. voratum CCAC 3869 B had its lowest DHA productivity when cultivated at 17°C (4.9 mg m − 2 day − 1 ; Fig. 11 ) and its highest during nitrogen limitation (41.3 mg m − 2 day − 1 ; Fig. 11 ). Symbiodinium microadriaticum CCAC 2475 B revealed DHA productivities of 37.9 and 45.2 mg m − 2 day − 1 at 22°C with nitrate and ammonium, respectively, whereas lower values were achieved at 17 and 27°C (25.5 and 13.8 mg m − 2 day − 1 , respectively; Fig. 11 ). However, nitrogen limitation enhanced DHA productivity of S. microadriaticum CCAC 2475 B which attained the maximum value reported in the present study, i.e. 145.4 mg m − 2 day − 1 (Fig. 11) .
A temperature of 22°C favoured maximum total DHA for both Symbiodinium species tested, although S. microadriaticum CCAC 2475 B reached higher absolute numbers than S. voratum CCAC 3869 B Fig. 11 ). Ammonium positively affected the maximum total DHA only of S. microadriaticum CCAC 2475 (Fig. 11) . Nitrogen limitation was also the factor with the strongest effect on maximum DHA values (Fig. 11 ).
Discussion
It is well documented that several environmental factors, such as temperature and nutrient concentration, strongly affect the type of fatty acids produced by autotrophic microalgae (Renaud et al. 1995 (Renaud et al. , 2002 Zhu et al. 1997; Lin et al. 2007; Converti et al. 2009; Jónasdóttir 2019) . TL-PSBRs allow rapid changes of environmental parameters, such as nutrient composition or temperature, because unlike suspension cultures, the biomass is already separated from the bulk medium by design (Schultze et al. 2015) . In the present study, two strains of Symbiodinium, one free-living and one symbiotic, were successfully cultivated, immobilized as biofilms on a TL-PSBR. The cultures were further assessed under different temperatures and nitrogen regimes resulting in enhanced DHA productivity.
Biomass growth of dinoflagellates in TL-PSBR
Cultivation of autotrophic dinoflagellates at a technical scale is restrained by a series of problems related to low growth rates and sensitivity to shear stress (Tang 1996; García-Camacho et al. 2007; Gallardo-Rodríguez et al. 2016) . Therefore, a plethora of potentially valuable products from dinoflagellates remains currently unexploited. Recently, immobilized cultivation of dinoflagellates, as an alternative to conventional suspension cultures, was successfully introduced in a TL-PSBR using the peridinin-producing marine dinoflagellate S. voratum (Benstein et al. 2014; Langenbach and Melkonian 2019) . This technique was adopted in the present study, where 38 autotrophic marine dinoflagellate strains were cultured in a biofilm photobioreactor with a focus on their total lipid and DHA content.
The dinoflagellate strains, provided by the CCAC, were initially screened for their ability to grow immobilized in a 96-Well TL-PSBR. Strain-specific information on biomass growth, lipid accumulation and PUFA content was taken into consideration for election of desirable strains and eventually optimization of their cultivation. For reasons that are presumably related to the light stress induced upon inoculation of a very thin biofilm (Nowack et al. 2005) , only seven dinoflagellate strains showed significant growth. Indeed, initial biomass density (IBD) is known to play a key role in the growth of autotrophic microalgae in suspension cultures (Wang et al. 2013) . Its importance has also been recognized in biofilm photobioreactors, in which growth of autotrophic cells is tightly linked to the "survival game" between photoinhibition and light limitation of photosynthesis (e.g. Schultze et al. 2015; Li et al. 2016) . Experiments in bench-scale TL-PSBRs with higher IBDs revealed higher biomass productivities for two of the strains studied, H. niei UTEX LB 1564 and Kryptoperidinium sp. CCAC 4765 B (results not shown). In contrast, no significant effect of IBD on growth was observed for the Symbiodinium strains tested. Among all dinoflagellates used in the present study, S. voratum CCAC 3869 B and S. microadriaticum CCAC 2475 revealed the highest biomass productivities and thus were selected for further investigation (Fig. 2) .
At first, the effect of temperature was tested on growth. Low to medium temperatures, i.e. 17 and 22°C, resulted in similar values of standing crops and growth rates. None of the species studied grew well at 27°C. Effects of different temperatures on growth and photosynthesis of Symbiodinium phylotypes have been extensively studied in recent years in relation to their role in the phenomenon of coral bleaching (Rowan 2004) . Although temperature tolerance varies significantly among Symbiodinium phylotypes, limits to growth between 26 and 28°C have been frequently reported for both free-living (McBride et al. 2009 ) and symbiotic (Muller-Parker et al. 2007 ) Symbiodinium species/strains. Subsequently, the effect of different nitrogen regimes was tested on growth. It was shown that the growth response of S. voratum CCAC 3869 B to ammonium was similar to that when using nitrate. On the other hand, ammonium enhanced the standing crop of S. microadriaticum CCAC 2475 B when compared to nitrate by about 30%. Previous reports have shown that the host provides symbiotic Symbiodinium species with ammonium as an N source (Pernice et al. 2012) , which may explain the preference for ammonium in S. microadriaticum CCAC 2475 (it was isolated from the sea slug Melibe bucephala). In general, the results of the present study are in accordance with previous reports that marine dinoflagellates can utilize and assimilate various nitrogen sources, including nitrate and ammonium, although the growth response remains species-specific (Taguchi and Kinzie 2001; Leong and Taguchi 2004; Lartigue et al. 2009 ). Unsurprisingly, nitrogen limitation resulted in the cease of growth for S. microadriaticum CCAC 2475 B and deceleration of growth for S. voratum CCAC 3869 B which seems to have slightly larger cellular reserves of nitrogen.
Total lipid content
In this study, total lipids per area (g m − 2 ) and lipid content (as % dry weight) of the two dinoflagellate strains were determined during immobilized cultivation in a TL-PSBR (Figs. 5, 6) . While total lipids per area increased over time with biomass growth, a decrease in the percentage of lipid content in the biomass was observed after the fourth day of cultivation for both strains under all temperature and nitrogen regimes tested. This could be related to light attenuation and thus a predominance of low light conditions in the deeper layers of the growing biofilm (Li et al. 2016) . Low light conditions favour polar, structural lipids over accumulation of storage lipids and generally a lower amount of lipids/cell (Guschina and Harwood 2006; Guedes et al. 2010; Cooper et al. 2011) .
Initially, the effect of temperature on lipid content was monitored. An increase above (27°C) the optimum growth temperature resulted in significantly lower amounts of total lipids per area for both dinoflagellate species compared to lower temperatures in accordance with diminished growth at the high temperature. Regarding temperatures within the optimal growth range (17 and 22°C), S. microadriaticum CCAC 2475 B reached slightly but significantly higher amounts of total lipids per area at 17°C, whereas S. voratum CCAC 3869 B did not reveal significant differences in lipid accumulation between the two temperatures applied.
Nitrogen starvation is one of the most widely used lipid induction techniques and has been applied successfully to various microalgal species (Sharma et al. 2012; Minhas et al. 2016 ). Here, we tested the effect of nitrogen limitation on the lipid profiles of two Symbiodinium species under immobilized cultivation in a TL-PSBR. Nitrogen limitation triggered a more than double of total lipids per area and lipid content in both Symbiodinium species, indicating that it could be used for optimization of lipid production. Maximum lipid content reported here was 12.8% for S. voratum CCAC 3869 B and 10.0% at for S. microadriaticum CCAC 2475 B. Even though not yet optimized, these values are in the same range as those previously reported for other dinoflagellates and commercially used microalgal species (Servel et al. 1994; Mansour et al. 1999 Mansour et al. , 2005 Converti et al. 2009 ). It is noteworthy that nitrogen depletion was proven to trigger lipid accumulation in our immobilized cultivation system, a result that contradicts the conclusion reached by Schnurr et al. (2013) that nutrient starvation of biofilms is not a desirable method for lipid production by algae.
DHA content and productivity
A detailed analysis of the complete fatty acid profile of the two dinoflagellates was not the focus of this study, and thus, only total FAME, C16:0 and C18:0, data are presented for comparison. Total DHA amounts (mg m − 2 ) were higher at lower temperatures (17 and 22°C) in S. microadriaticum CCAC 2475 B. On the contrary, the saturated fatty acid (SFAs) C16:0 revealed an increase when temperature was raised to 27°C. This finding has been previously reported for other microalgae, including the heterotrophic DHA-producing Crypthecodinium cohnii (Renaud et al. 1995; Tatsuzawa and Takizawa 1995; Zhu et al. 1997; Jiang and Chen 2000) . Exposure to colder temperatures elevates the rigidity of biological membranes, and fatty acids with a high degree of unsaturation are important for the maintenance of membrane fluidity (Harwood 1988) . Symbiodinium voratum CCAC 3869 B was affected differently by the alterations of temperature, with both 17 and 27°C resulting in significantly lower DHA yields when compared to 22°C. One possible explanation is that the two Symbiodinium species exhibit differential acclimation responses (Díaz-Almeyda et al. 2011) .
The effect of different nitrogen regimes on DHA production was also investigated. Nitrogen depletion induced significantly higher DHA production in both the free-living and in particular the symbiotic species studied. Nitrogen starvation is an effective "fattening" culture method which has been widely applied in microalgal cultivation (e.g. Sharma et al. 2012) . Dinoflagellates incorporate significant amounts of polyunsaturated fatty acids (i.e. DHA) into their cytoplasmic storage lipids in addition to saturated fatty acids. For example, in the heterotrophic dinoflagellate C. cohnii, two-phase fermentation is based exactly on this biological property: one active growth phase in nitrogenreplete medium, during which the lipid content of the biomass is modest, and one stationary phase in nitrogendepleted medium, during which carbon is converted into a storage lipid (TAG) rich in DHA (Wynn et al. 2010 ). Furthermore, in autotrophic Symbiodinium spp., induction of cytoplasmic lipid droplets enriched in DHA upon nitrogen deprivation has been reported for both the free-living state and in situ in the host Aiptasia pulchella (Weng et al. 2014 ). In the present study, the maximal DHA productivity for S. microadriaticum CCAC 2475 B after 4 days of nitrogen depletion in a TL-PSBR was recorded to be 145.4 mg m − 2 day − 1 . Although maximal DHA content in the dry biomass (2% in a two-phase experiment in TL-PSBR) has not yet been optimized for S. microadriaticum CCAC 2475 B and is lower than that reported for other autotrophic dinoflagellates grown in suspension (3.4-3.5% for a long-term semicontinuous culture in an indoor raceway PBR (Molina-Miras et al. 2018; Peltomaa et al. 2019 ), because of the higher biomass productivity in the TL-PSBR compared to suspension cultivation (6.3 g m −2 d −1 compared to 2.5 g m −2 d −1 in Molina-Miras et al. 2018) , the DHA productivity recorded here compares favourably with previous reports. It should be noted that no external addition of CO 2 was used in this study; addition of 2% CO 2 has recently been shown to enhance biomass productivity in S. voratum CCAC 0047 (Langenbach and Melkonian 2019) . Moreover, pilot-scale TL-PSBRs have been successfully developed and tested in Germany (Naumann et al. 2013; Schultze et al. 2015) , Vietnam Tran et al. 2019) , China and Spain (unpubl. data) and are currently considered for scale-up. Porous substrate bioreactors (PSBR), in particular of the twin-layer type (Nowack et al. 2005) , have recently attracted considerable attention as an alternative to low density autotrophic suspension cultures (reviews by Mantzorou and Ververides 2019; Podola et al. 2017; Pierobon et al. 2018; Zhuang et al. 2018) . The low energy demands for water circulation, as well as the low water footprint and content of the biomass and associated ease of harvesting and processing of biomass, make these systems attractive for applications in bioremediation, biotechnology and biorefinery processes. Hence, we conclude that S. microadriaticum CCAC 2475 B is a promising dinoflagellate for optimization of DHA productivity in a TL-PSBR cultivation system using a two-phase cultivation procedure at 22°C, including first enhanced growth with ammonium as the nitrogen source and in a second step lipid/DHA accumulation with a nitrogen-depleted culture medium.
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